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Abstract Three accessions of T. boeoticum were se-
lected for the cloning and sequencing of novel low-
molecular-weight glutenin subunit (LM W-GS) genes,
based on the results of SDS-PAGE and PCR analyses
of the LMW-GS diversity in A-genome wheat (Lee
et al. 1998a). A comparison of the nucleotide and
deduced amino-acid sequences of three cloned genes,
LMWG-E2, LMWG-E4 and LMWG-AQI, both to
each other and to other known LMW-GS genes was
carried out. The N-terminal domains showed one vari-
able position; GAG (coding for a glutamic acid) for the
E-type, and GAT (coding for an aspartic acid) for the
Q-type. The comparisons of the LMW-GSs in the
literature and this paper define three different types
of N-terminal sequences; METSCIPGLERPW and
MDTSCIPGLERPW from the durum and A-genome
wheats, and METRCIPGLERPW from the hexaploid
and D-genome wheats. The repetitive domains were
AC-rich at the nucleotide level and coded for a large
number of glutamine residues; this region showed 16
variable positions changing 12 amino-acid residues,
three triple nucleotide deletions/additions, a large dele-
tion of 18 nucleotides in LMWG-E4 and a deletion of
12 nucleotides in LMWG-E2. In the C-terminal do-
mains 26 variable positions were found and 12 of these
mutations changed amino-acid residues; no deletions/
additions were present in this region. It was shown that
the LMWG-E2 and LMWG-E4 genes could be ex-
pressed in bacteria and this allowed the respective
protein products to be related back to the proteins
defined as LMW-GSs in vivo.
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Introduction

The molecular characterisation of the wheat storage
proteins provides a basis for determining the relation-
ships between the molecular structure of the proteins
and their functional roles in dough quality (reviewed
in Shewry et al. 1994). A number of full-length high-
molecular-weight glutenin subunit (HMW-GS) and
gliadin genes have been isolated, and the molecular
structures of these proteins have been deduced on the
basis of their gene sequences (reviewed in Shewry et al.
1994). Only one subgroup of low-molecular-weight glu-
tenin subunit (LMW-GS) gene sequences is currently
available, the C-subunits (Okita et al. 1985; Colot et al.
1989; Cassidy and Dvorak 1991; D’Ovidio et al. 1992;
Ciaffi et al. 1998), and none have been isolated from
A-genome diploid wheats. The coding sequences of the
LMW-GS genes are not interrupted by introns, so it is
possible to clone these genes directly from genomic
DNA and deduce their amino-acid sequences from the
nucleotide sequences. The isolated genes can also be
used for a further study of protein structure-function
relationships through the expression of polypeptides in
bacteria.

Three accessions of Triticum boeoticum were selected
for cloning and sequencing of novel LMW-GS genes,
based on the results of the SDS-PAGE and PCR ana-
lyses of Lee et al. (1998a). These three accessions
showed a relatively large number of unique LMW-GS
bands in SDS-PAGE gels; the three accessions also
showed diversity at the DNA level, as shown by the
presence of several different LMW-GS PCR bands in
appropriate experiments. Therefore, these three acces-
sions were suitable candidates for obtaining novel



LMW-GS genes. This manuscript describes the cloning
and sequencing of some of the novel LMW-GS genes
and provides a comparison of the nucleotide and de-
duced amino-acid sequences of the cloned genes to
each other and to other known LMW-GS genes. Two
of the characterized genes could be expressed in bac-
teria and this allowed the protein products encoded by
the genes to be related back to the proteins defined as
LMW-GS:s in vivo.

Materials and methods

Preparation of DNA

PCR was employed for isolating LMW-GS genes from genomic
DNA of T. boeoticum accessions AUS 15823, AUS 90405 and AUS
90406. A pair of primers, DOV-1 (5-AATTCATGAAGACCTTCC-
TCGTCTT-3") and DOV-3 (5-AATTCGTAGGCACCAA CTCC-
GGTGC-3'), were used to amplify entire LM W-GS genes including
the region coding for the signal peptide. The primer sequences were
based on the LMW-GS gene sequence from Colot et al. (1989). PCR
conditions were the same as previously described by Lee et al
(1998 a). PCR products were electrophoresed in 1.2% low-melting-
point agarose gels, excised under UV light, and purified using
a QIAEX II DNA extraction kit from QIAGEN.

A ligation reaction was set up employing a pGEM-T System
purchased from Promega and using 70 ng of purified PCR frag-
ments and 50 ng of pGEM-T vector, following standard procedures.
Transformation of Escherichia coli DH5a also followed standard
procedures using a Bio-Rad Gene Pulser.

The procedure of colony hybridisation described by Grunstein
and Hogness (1975) and Grunstein and Wallis (1979) was used to
select plasmids containing LMW-GS gene sequences. The gene
sequence in pTdUCD1 (Cassidy and Dvorak 1991) was labelled with
32P (Megaprime DNA labelling system, Amersham) and used in the
hybridization experiments.

Small-scale plasmid DNA preparations were carried out using
standard procedures (Maniatis et al. 1989). The restriction endonuc-
leases Puvull, Ndel and BamHI were employed for confirming the
identity of the respective recombinant plasmid DNAs. For rapid
screening of positive colonies, single colonies were re-streaked on
a fresh plate and incubated overnight. Several colonies were transfer-
red together into an Eppendorf tube, re-suspended in 13 pl of colony
cracking buffer (50 mM NaOH, SmM EDTA, 0.5% SDS and
0.025% bromocresol green), vortexed thoroughly and incubated at
65°C for 40 min. The sample was mixed with 1.5 pl of 10 x DNA
loading buffer (0.25% Bromophenol Blue, 0.25% Xylene Cylanol
FF and 30% glycerol ) and analysed in a 1% agarose gel.

Sequencing of the LMW-GS genes

Sequencing was carried out using an ABI Prism Dye Terminator
sequencing kit purchased from Perkin Elmer, employing standard
preparations of plasmids. The primers used for sequencing the 5" and
3" regions of the genes were either the Reverse primer (5-CAG-
GAAACAGCTATGACC-3), or the Forward primer (5-TGTA-
AAACGACGGCCAGT-3'). On the basis of the sequences of the 5
and 3’ regions, several primers were designed to sequence the inter-
nal part of the genes. The primers for internal sequencing are listed
below:

LG-N
LG-C

5-AGATGCATCCCTGGTTTGGAG-3,
5-AATGGAAGTCATCACCTCAAG-3,
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5-GAGGAATACCTTGCATGGGTT-3,
5'-AACCCATGCAAGGTATTCCTC-3".

LG-repeat
LG-cdo

GCG seqluence-analysis software (Genetics Computer Groups
Incorporated, Wisconsin) was used for gene-fragment assembly and
sequence alignment; alignments were checked manually and ad-
justed as required. The multiple sequence-alignment program,
PileUp, was employed to plot a dendrogram showing the clustering
relationships used to determine the order of the pairwise sequence
alignments that produce the final multiple sequence alignment.

Bacterial expression of low-molecular-weight glutenin subunits

The bacterial expression vector pET-11a (Novagen) was used to
express the genes in E. coli; the gene of interest was inserted using the
Ndel and BamHI sites. The LMW-GS genes were initially cloned
into the pGEM-T vector after amplification using the PCR primers
LG-SY, LG-SYD and LG-STOP. The DNA sequences encoding the
signal peptides were excluded from the region amplified so as to
obtain only the coding region for the mature LMW-GSs.

LG-SY 5’-GGAATTC]éie”lI'ATGGAGACTAGCTGCATCCCTG-
GTTT-¥
Ndel
LG-SYD 5-GGAATTCCATATGGATACTAGCTGCATCCCT-
GGTTT-3,
BamHI1

LG-STOP 5-CGCGGATCCTTAGTAGGCACCAACTCCGGT-
GGC-3.

The primers LG-SY and LG-SYD were designed to anneal to the
5" end of the E-type and the Q-type genes, respectively. These
primers contained a novel Ndel site in the methionine codon at the
mature N-terminus and included seven additional nucleotides at the
5" end of the primers to allow for efficient restriction-enzyme diges-
tion. The primer, LG-STOP, was designed to anneal to the 3’ end of
both types of the gene, and included a novel BamHI site and three
additional nucleotides at the 5" end of the primer. PCR reactions and
subsequent digestion with Ndel and BamHI employed standard
procedures. Ligation reactions and transformation into an expres-
sion host (E. coli strain, JM109-DE3, Novagen) followed the sup-
pliers instructions.

To express the proteins in bacteria, a fresh transformant contain-
ing the recombinant plasmid DNA and a negative control (the same
strain bearing an empty pET-11a plasmid) were each inoculated into
5 ml of LB/ampicillin medium and incubated for 4 h. For the pro-
tein-expression assay, 1 ml of each culture was removed before
induction, and the remaining culture was incubated for another 3 h
in the presence of isopropyl -D-thiogalactoside (IPTG) at a final
concentration of 1.5 mM. The cells from the 1-ml cultures before and
after induction were collected by centrifugation at 14 000 g for 5 min.
The cell pellets were re-suspended in 60 pl of 55% isopropanol in the
presence or absence of 10 pl of 1 M DTT, and incubated at 65°C for
30 min to extract the alcohol-soluble cell proteins. The cell suspen-
sions were then centrifuged, and the supernatants were transferred
into new tubes and mixed with 70 ul of SDS buffer [0.125 M Tris,
4% (w/v) SDS, 30% (v/v) glycerol and 0.005% (w/v) bromophenol
blue, pH 6.8]. When the total cell proteins were analysed, the cells
from 1-ml cultures were collected, mixed with 60 pul of water and
70 pl of SDS buffer in the presence or absence of DTT. Standard
SDS-PAGE was used to analyze the proteins produced. The max-
imum expression of the LMW-GS genes in bacteria was checked by
a time-course assay.
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Results
Cloning of the LMW-GS genes from T. boeoticum

The LMW-GS PCR products generated using the
primers DOV-1 and DOV-3 were approximately
900 bp in size and were confirmed to be LMW-GS
genes by carrying out a “nested” PCR using the pair of
primers LMW-GL and LMW-GR (Lee et al. 1998a).
The latter primers targeted only variable parts of the
LMW-GS genes within the region amplified by DOV-1
and DOV-3. The PCR results showed three bands
produced from the DNA template of AUS 15823, two
from AUS 90405 and three from AUS 90406 (data not
shown). The size differences of the PCR products were
small, as expected from the proteins present in the
accessions analyzed.

A total of 43 clones were found to contain full-length
inserts derived from the three accessions of T.
boeoticum; AUS 15823 (15 clones), AUS 90405 (15
clones), and AUS 90406 (13 clones). The 5 regions of all
43 clones were sequenced.

Sequences of the LMW-GS genes

Initial sequencing of the 5 region of the genes gave
nucleotide sequences of the signal peptide, the mature
N-terminus and most of the repetitive region. Accord-
ing to the differences in deduced amino-acid sequences
of these regions the clones fell into two groups (Fig. 1);
although the analysis applied to six clones, LG-AE],
LG-AE2, LG-AE3, LG-AE4, LG-AQI1 and LG-AQ2,
only three are shown. In the mature protein sequences,
the first site dividing the two groups was at position 35,
in the start of the repetitive domain; one group con-
tained a glutamic acid (E35) and the other group
a glutamine (Q35). These groups will be referred as
‘E-type’ and ‘Q-type’, respectively. The signal peptide
consisted of 20 amino-acid residues and contained
a substitution at the 17th amino-acid position which
was diagnostic for the two groups, the E-type always
contained a threonine at position 17 and the Q-type
always contained an alanine in this position. Further
categorisation of the clones could be made on the basis
of differences in the repetitive region within each group;
the E-type was divided into two subgroups and the
Q-type was separated into four subgroups (see Fig. 1).
The DNA sources and the number of clones of each
subgroup are shown in Table 1. The differences be-
tween clones within the Q-type involved the deletion or
addition of an entire repeat unit (defined at the deduced
amino-acid sequence level). In the E-type, deletions or
additions affecting glutamine residues in the repetitive
domain were observed. The sequence types found from
this study were unique within each accession analyzed,
except for the E-4 gene which was present in two

accessions, AUS 15823 and AUS 90405. Among six
subgroups, three, E-1, E-3 and Q-2, contained stop
codons in the repetitive domain; therefore, these were
excluded from further sequencing studies. All the stop
codons occurred by point mutation, namely a conver-
sion of CAA to TAA.

Representative clones of the three subgroups that did
not contain stop codons in their coding regions were
fully sequenced (Fig. 2). These genes were named
LMWG-E2 (=LG-AE2), LMWG-E4 (=LG-AE4) and
LMWG-AQI, and their lengths were 894 bp, 888 bp
and 909 bp, respectively. Deduced amino-acid se-
quences of the three full genes showed the three typical
domains of the LMW-GSs; an N-terminal domain (13
amino acids), a repetitive domain (approximately 70
amino acids) and a C-terminal domain (193 amino
acids). The lengths of the deduced polypeptides of
the clones including the signal peptide, LMWG-E2,
LMWG-E4 and LMWG-AQI1, were 298, 296 and 303
amino acids, respectively (see Fig. 1).

A comparison of the three genes at the nucleotide
sequence level (see Fig. 2), indicated there were two
point mutations in the signal peptide region — one
of which did not change the amino-acid residue. The
N-terminal domains showed one point mutation;
GAG (coding for a glutamic acid) for the E-type, and
GAT (coding for an aspartic acid) for the Q-type. The
repetitive domains were AC-rich at the nucleotide level
and coded for a large number of glutamine residues.
This region showed 16 point mutations changing 12
amino-acid residues, three triple-nucleotide deletions/
additions, a large deletion of 18 nucleotides in LMWG-
E4 and a deletion of 12 nucleotides in LMWG-E2. In
the C-terminal domains 26 point mutations were pres-
ent and 12 of these mutations changed amino-acid
residues. No deletions/additions were found in this
region.

The three LMW-GSs (LMWG-E2, LMWG-E4 and
LMWG-AQ1), chosen for expression in bacteria and
for futher functional studies (Lee 1998 b), showed 35
variable amino-acid positions in their respective pro-
tein sequences; 14 changed polarity and another 14
variants altered the properties of the side chains. The
three proteins differ in their levels of hydrophobicity
and in thier charge differences.

Table 1 The DNA sources and the number of clones of each sub-
group

Item AUS 15823 AUS 90405 AUS 90406
LG-AE1 14

LG-AE2 9
LG-AE3 6

LG-AE4 1 3

LG-AQl 6

LG-AQ2 4

Total 15 15 13




Fig. 1 Comparison of the
deduced amino-acid sequences of
the LMW-GS genes derived from
A-genome diploid, D-genome
diploid, tetraploid and hexaploid
wheats. pTdUCDI1 is a cDNA
clone from tetraploid wheat, T.
durum. pLMW?21 is a PCR clone
from tetraploid wheat, T. durum.
LMWG-1D1 is a genomic DNA
clone from the hexaploid wheat
cultivar, Chinese Spring. LMW-
16/10 is a genomic DNA clone of
T. tauschii. LG-AE2, LG-AE4
and LG-AQ1 are PCR clones
derived from the A-genome
diploid wheat T. boeoticum.
Dots were added as gaps for
maximum homology between the
sequences. The eight cysteine
residues are marked with arrows.
The residues at positions 17, 35,
44, 49, 52, 57, 58, 60, 61, 65, 91,
109 and 160 divide the E-type
and Q-type sequences and are
marked bold. An asterisk (*)
indicates a stop codon. An arrow
indicates the difference in the
N-terminal region

LG-AE4
pTAUCD1
LG-AE2

LG-AQ1
pLMW21
LMWG-1D1
LMW-16/10

LG-AE4
pTdUCD1
LG-AE2

LG-AQ1
pLMW21
LMWG-1D1
LMW-16/10

LG-AE4
pTdUCD1
LG-AE2

LG-AQ1
pLMW21
LMWG-1D1
LMW-16/10

LG-AE4
PT3UCD1
LG-AE2

LG-AQ1
pLMW21
LMWG-1D1
LMW-16/10

LG-AE4
pTdUuCD1
LG-AE2

LG-AQ1
pLMW21
LMWG-1D1
LMW-16/10

LG-AE4
pTAUCD1
LG-AE2

LG-AQ1
pLMW21
LMWG-1D1
LMW-16/10

LG-AE4
pTdUCD1
LG-AE2

LG-AQ1l
pLMW21
LMWG-1D1
LMW-16/10

MKTFLVFALL
MKTFLVFALL
MKTFLVFALL

MKTFLVFALL
MKTFLVFALL
MKTFLVFALL
MKTFLVFALL

FPOQQQ....

FS.QQ0QQQPF
FSQQQQQQPF

Signal peptide ------ )l

AVVATSTIAQ
AVVATSTIAQ
AVVATSTIAQ

AVVATSAIAQ
AVVATSAIAQ
AVAATSAIAQ
AVAATSATIAQ

Repetitive domain

«QQPPFS. ..
.QQPPFS. ..
.QQPPFS. ..

PQOPSFS. ..
PQQPSFS.
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k--- N-terminus --->| k---- Repetitive domain--

u
METSCIPGLE
METSCIPGLE
METSCIPGLE

MDTSCIPGLE
MDTSCIPGLE
METRCIPGLE
METRCIPGLE

.. .QQQPSF
.. .QQQPSF
. .QQQPSF

. .QQQPPF

FSQQOQQOQQLF PQQPSFSQQQ PPFWQQQPPF
FS..QQ0QQLF PQQPSFSQQQ PPFWQQQPPF

101

LPQQSPFS.Q
LPQQSPFS.Q
LPQQSPFS.Q

LPQQOSPFSQQ
LPQOSPFSQQ
LPQQPPFSQQ
LPQQPPFSQQ

% 151 ~
CKVFLQQOQOCN
CKVFLQQOCN
CKVFLQOQQCN

CKVFLQQQCS
CKVFLQQQCS
CKVFLQQQCS
CKVFLQQQCS

201

AIRAITYSII
VIRAITYSII
AIRAITYSII

AIRAITYSII
AIRAITYSII
AIRAIIYSII
AIRAITIYSII

251

FQQPQQQLGQ
FQOPQQOOLGQ
FQQPQQOLGQ

FQOPQQOQLGQ
FOOPQOQOLGQ
....000LGQ
....Q00QLGQ

301

PLYSSTTSVP
PLYSSTTSVP
PLYSSTTSVP

PLYSSTTSVP
PLYSSTTSVP
PLYRTTTSVP
PLYRTTTSVP

QQLVLPP. ..
QQLVLPP. ..
QQLVLPP. ..

QOLILPP. ..
QQLILPP...
QQPVLPPQQ
QQPVLPP. ..

PVAMPQRLAR
PVAMPQRLAR
PVAMPQHLAR

PVAMPQRLAR
PVAIPQRLAR
PVAMPQRLAR
PVAMPQRLAR

LQEQQ.
LOEQQ.
LOEQQ.

.QGF
.QGF
.QGF

LQEQQ. .QGF
LOEQQ. .QG.
LQEQQQVQGS
LOEQQQVQGS

QPQQOQQVLQG
QPQQQQVLQG
QPQQQQVLQG

QPQEQQOVQQG
QPQOQQVOQG
QPOQOQLAQG
QPQQOQQLAQG

PFPQOQQQHQ
- - -Q0QQQHQ

Y
SQMWQQSSCH
SOMLQQSSCH
SQMWQQSSCH

SQOMWQQSSCH
SQMWQQSSCH
SQMLQOQSSCH
SOMLQQSSCH

VQAQQQQPQQ
VQAQQQQPQQ
VOAQQQQPQQ

VQAQQQQPOQ
-QSQQQQPQQ
IQSQQQOPQQ
TOSQOQQPOQ

TFLQPHQIAH
TFLQPHQIAH
TFLQPHQIAH

TFLQPHQIAH
TFLQPHQIAH
TFLOPHQIAQ
TFLQPHQIAQ

322

FSIGTGVGAY
FSVGTGVGAY
FSVGTGVGAY

FSIGTGVGAY

FGVGTGVGAY
FGVGTGVGAY

* *
L*
* k

* %

* *

* %

RPWQEQTLPP
RPWQEQPLPP
RPWQEQPLPP

RPWOQQPLPP
RPWQQQPLPP
RPWQQQPLPP
RPWQQQPLPP

LOQQPILPQ.
LOQQPILPQ.
SQQQPILPQ.

SQQOQPILPQG
.QQQPILPQG
SQQQPILPQQ
SQQQPILPQQ

QVLQQQIPIV
QVLQQQIPIV
QLLOQQIPIV

QLPQQQISIV
QLPQQQISIV
QLVQQQIPVV
QLVQQQIPVV

RN
VMQQQCCQQL
VMOQQCCQQL
VMQQQCCQQOL

VMQQQCCQQL
VMQQOCCQQL
VMQOQCCQQL
VMOQOCCQQL

LGOGVSQSQQ
LGQGVSQSQQ
LGQGVSQSQQ

SGOGVSQSQQ
SGQGVSQSQQ
LGQCVSQPQQ
LGQCVSQPHQ

LEVMTSIALR
LEVMTSIALR
LEVMTSIALR

LEVMTSIALR
LEVMTSIALR
LEVMTSIALR
LEVMTSIALR

50
QQTLFPQQQP
QHTLFPQQQP
QQTLFPQQQP

QQT.FPQQPP
QQT.FPQQPP
QQT.FPQQPL
QQT.FPQQPL

100
LPFSQQQQPV
LPFSQQQQPV
LPFSQQQQOPV

PPFPQQTQPV
PPFPQQTQPV
PPFSQQQOLV
PPFSQQQQLV

150
QPSVLQQLNP
QPSVLQOLNP
QPSVLQQLNP

QPSVLQQLNP
QPSVLQQLNP
QPSILQQLNP
QPSILQQLNP

200
PQIPEQSRYD
PQIPEQSRYD
PQIPEQSRYD

SQIPEQSRYD
SQIPEQSRYD
PQIPQQSRYE
PQIPQQSRYE

250
QSQQQLGQCS
QSQQQLGQCS
QSQQQLGQCS

QSQQQLGQCS
QSQQQLGQCS

~ 300
TLPMMCSVNV
TLPTMCSVNV
TLPTMCSVNV

TLPTMCSVNV
TLPTMCSVNV
ILPTMCSVNV
ILPTMCSVNV
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Fig. 2 For legend see page 131 P — Signal peptide
1 50
LG-AE2 ATGAAGACCT TCCTCGTCTT TGCCCTCCTC GCCGTTGTGG CGACAAGTAC
LG-AE4 ATGAAGACCT TCCTCGTCTT TGCCCTCCTC GCCGTTGTGG CGACAAGTAC
LG-AQ1l ATGAAGACCT TCCTCGTCTT TGCCCTCCTC GCCGTTGTGG CAACAAGTGC
ol ke N-terminus ol fe--
51 100
LG-AE2 CATTGCGCAG ATGGAGACTA GCTGCATCCC TGGTTTGGAG AGACCATGGC
LG-AE4 CATTGCGCAG ATGGAGACTA GCTIGCATCCC TGGTTTGGAG AGACCATGGC
LG-AQl CATTGCGCAG ATGGATACTA GCTGCATCCC TGGTTTGGAG AGACCATGGC
----------------------- Start of repetitive domain »
101 150
LG-AE2 AGGAGCAACC ATTACCACCA CAACAGACAT TATTTCCACA ACAACAACCA
LG-AE4 AGGAGCAAAC ATTACCACCA CAACAGACAT TATTTCCACA ACAACAACCA
LG-AQl AGCAGCAACC ATTACCACCA CAACAGACA. ..TTTCCACA ACAACCACCA
151 200
LG-AE2 TTTCCACAAC AACAACAA.. ...c...... CAACAACCAC CATTTTCACA
LG-AE4 TTTCCACAAC AA.ceeeeee oeeesseess CAACAACCAC CATTTTCACA
LG-AQ1 TTTTCACAAC AACAACAACA ACCATTTCCT CAACAACCAT CATTTTCACA
201 250
LG-AE2 ACAACAACCA TCATTTTCGC AGCAACAACC AATTCTACCG CAG...CTAC
LG-AE4 ACAACAACCA TCATTTTTGC AGCAACAACC AATTCTACCG CAG...CTAC
LG-AQ1 GCAACAACCA CCATTTTCAC AGCAACAACC AATTCTACCA CAGGGACCAC
251 300
LG-AE2 CATTTTCACA GCAACAACAA CCAGTTCTAC CGCAACAATC ACCATTTTCA
LG-AE4 CATTTTCACA GCAACAACAA CCAGTTCTAC CGCAACAATC ACCATTTTCA
LG-AQ1l CATTTCCACA GCAAACACAA CCTGTTCTAC CGCAACAATC ACCATTTTCA
---End of repetitive domain  --------------- le--o--- Start of C-terminal domain --
301 350
LG-AE2 CAG...CAAC AACTAGTTTT ACCTCCACAA CAACAATACC AACAGCTTCT
LG-AE4 CAG...CAAC AACTAGTTTT ACCTCCACAA CAACAATACC AACAGGTTCT
LG-AQl CAGCAACAAC AACTAATTTT ACCTCCACAA CAACAACAAC AACAGCTTCC
< C-terminal domain >
351 400
LG-AE2 GCAACAACAA ATCCCTATTG TTCAGCCATC CGTTTTGCAG CAGCTAAACC
LG-AE4 GCAACAACAA ATCCCTATTG TTCAGCCATC CGTTTTGCAG CAGCTAAACC
LG-AQ1 GCAACAACAA ATCTCTATTG TTCAACCATC CGTTTTGCAG CAGCTAAACC
C-terminal domain ----------cccememeee.
401 450
LG-AE2 CATGCAAGGT ATTCCTCCAG CAGCAGTGCA ACCCTGTAGC AATGCCACAA
LG-AE4 CATGCAAGGT ATTCCTCCAG CAGCAGTGCA ACCCTGTAGC AATGCCACAA
LG-AQl CATGCAAGGT ATTCCTCCAG CAGCAGTGCA GCCCTGTGGC AATGCCACAA
451 500
LG-AE2 CATCTTGCTA GGTCACAAAT GTGGCAGCAG AGCAGTTGCC ATGTGATGCA
LG-AE4 CGTCTTGCTA GGTCACAAAT GTGGCAGCAG AGCAGTTIGCC ATGTGATGCA
LG-AQl CGTCTTGCTA GGTCGCAAAT GTGGCAGCAG AGCAGTTGCC ATGTGATGCA
501 550
LG-AE2 GCAACAATGT TGCCAGCAGT TGCCGCAAAT CCCCGAACAA TCCCGCTATG
LG-AE4 GCAACAATGT TGCCAGCAGT TGCCGCAAAT CCCCGAACAA TCCCGCTATG
LG-AQ1 GCAACAATGT TGCCAGCAGT TGTCGCAAAT TCCCGAACAA TCCCGCTATG
551 600
LG-AE2 ATGCAATCCG TGCCATCACC TACTCCATCA TCTTACAAGA ACAACAACAG
LG-AE4 ATGCAATCCG TGCCATCACC TACTCCATCA TCTTACAAGA ACAACAACAG
LG-AQ1l ATGCAATCCG TGCCATCACC TACTCCATCA TCCTACAAGA ACAACAACAG
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Fig. 2 A comparison of 601 650
nucleotide sequences of the LG-AE2 GGTTTTGTCC AAGCTCAGCA GCAACAACCC CAACAGTTGG GTCAAGGTGT
clones, LG-AE2, LG-AE4 and LG-AE4 GGTTTTGTCC AAGCTCAGCA GCAACAACCC CAACAGTTGG GTCAAGGTGT
LG-AQI. The nucleotides LG-AQ1 GGTTTTGTCC AAGCTCAGCA GCAACAACCC CAACAATCAG GTCAAGGTGT
showing mutations are
marked bold. The nucleotides 651 700
(TGC and TGT) coding for LG-AE2 CTCCCAATCC CAACAACAAT CGCAGCAGCA GCTCGGACAA TGTTCTTTCC
cysteine residues are underlined. LG-AE4 CTCCCAATCC CAACAACAAT CGCAGCAGCA GCTCGGACAA TGTITCTTTCC
DomfﬂeﬂmeﬁedasgaPSﬂ” LG-AQl CTCCCAATCC CAACAGCAGT CGCAGCAGCA GCTCGGACAA TGTTCTTTCC
creating maximum homology
between the sequences 701 750
LG-AE2 AACAACCTCA GCAGCAACTG GGTCAACAGC CTCAACAACA ACAGGTACTA
LG-AE4 AACAACCTCA GCAGCAACTG GGTCAACAGC CTCAACAACA ACAGGTACTA
LG-AQ1l AACAACCTCA ACAGCAACTG GGTCAACAGC CTCAAGAACA ACAGGTACAA
751 800
LG-AE2 CAGGGTACCT TTTTGCAGCC ACACCAGATA GCTCACCTTG AGGTGATGAC
LG-AE4 CAGGGTACCT TTTTGCAGCC ACACCAGATA GCTCACCTTG AGGTGATGAC
LG-AQ1l CAGGGTACCT TTCTGCAGCC ACACCAGATA GCTCACCTTG AGGTGATGAC
801 850
LG-AE2 TTCCATTGCA CTCCGTACCC TGCCAACGAT GIGCAGTGTC AATGTGCCGT
LG-AE4 TTCCATTGCA CTCCGTACCC TGCCAATGAT GTGCAGTGTC AATGTGCCGT
LG-AQ1 TTCCATTGCG CTCCGTACCC TGCCAACGAT GTGCAGTGTC AATGTGCCAT
851 900
LG-AE2 TGTACAGCTC CACCACTAGT GTGCCATTCA GTGTTGGCAC CGGAGTTGGT
LG-AE4 TGTACAGCTC CACCACTAGT GTGCCATTCA GTATTGGCAC CGGAGTTGGT
LG-AQ1 TGTACAGCTC CACCACTAGT GTGCCATTCA GTATTGGCAC CGGAGTTGGT
901 912
LG-AE2 GCCTACTGAT AA
LG-AE4 GCCTACTGAT AA
LG-AQ1l GCCTACTGAT AA

A comparison of the genes at the deduced amino-acid
sequence level indicated that the repetitive regions con-
sisted of 11 repeat units, with 85% of the regions being
dominated by four amino acids; namely, glutamine,
proline, leucine and serine. The fourth repeat unit
showed a major deletion/addition, and half of the re-
peat unit was missing in the E-type genes. The repeat
units at the amino-acid sequence level within a given
gene did not, in general, show high levels of similarity.
Glutamine residues appeared as mono-, di- and tri-
peptides throughout the polypeptides, comprising 30%
of the amino-acid content, and the glutamines were
highly conserved (95%) in these polypeptides. There
were eight cysteine residues, one in the N-terminus and
seven in the C-terminus, and the positions of the
cysteine residues are 100% conserved in these poly-
peptides.

The molecular weights of the polypeptides encoded
by the three genes were calculated by the mean mole-
cular weight of individual amino acids (D’Ovidio
et al. 1994). The predicted molecular weights of the
polypeptides encoded by LMWG-E2, LMWG-E4 and
LMWG-AQ1 were 31.2 kDa, 30.9 kDa and 31.7 kDa,
respectively.

Comparison of the amino-acid sequences
of the LMW-GS genes

The deduced amino-acid sequences of LMWG-E2,
LMWG-E4 and LMWG-AQ1 were compared to those
of the four other LMW-GS gene sequences available;
a cDNA clone, pTdUCDI, from the tetraploid wheat
Triticum durum (Cassidy and Dvorak 1991); a PCR
clone, pLMW21, from the tetraploid wheat T. durum
(D’Ovidio et al. 1992); a genomic DNA clone, LMWG-
1D1, from the hexaploid wheat cultivar Chinese Spring
(Colot et al., 1989); and a genomic DNA clone, LM W-
16/10, from the D-genome diploid wheat Triticum taus-
chii (Ciaffi et al. 1998). The seven amino-acid sequences
compared shared 86% homology (see Fig. 1). Even
including the amino-acid sequences from the different
wheats, the separation between the Q-type and the
E-type was obvious and was reinforced by parallel
differences in amino-acid residues at positions 17, 35,
44, 49, 52, 57, 58, 60, 61, 65, 91, 109 and 160 in the full
length amino-acid sequences (see Fig. 1). In particular,
the sequences of LMWG-E4 and pTdUCD1 showed
extremely high homology (98%). The Q-type genes
were further separated into two groups. LMW-1Dl1
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and LMW-16/10 shared high similarity. The sequences
of LMWG-AQI1 and pLMW21 were also very similar.

All of the seven genes showed highly conserved hy-
drophobic signal peptides. Three different types of N-
terminal sequences were found; METSCIPGLERPW
and MDTSCIPGLERPW from the durum and A-
genome wheats, and METRCIPGLERPW from the
hexaploid and D-genome wheats. In the repetitive
domains there were 13 different repeat units (see
Fig. 1). Repeat unit 6 (QQQPPFW) was an addition
in LMWD-1D1 and LMW-16/10. Repeat unit 13
(QQSPFP) was present only in LMWG-1D1. Repeat
unit 7 (QQQPPFS) was deleted in pLMW21. The
repeat unit QQPPFS was relatively common, but all
of the repeat units were not conserved in respect of
their sequence and length within a gene. The Q-type
sequences showed variation by the clear deletion or
addition of repeat units (see Fig. 1), while the E-type
sequences showed smaller differences by glutamine
residue additions/deletions. The C-terminal domains
were highly conserved at the amino-acid sequence level
and the positions of the eight cysteines were consistent,
although the one cysteine residue located toward the
C-terminus of LMWG-1D1 and LMW-16/10 was shif-
ted by a 12 amino-acid deletion. This deletion was
restored by the two repeat unit additions so that the
length of the polypeptide was very similar to the other
polypeptides.

The amino-acid sequence comparison showed that
the genes derived from the A-genome wheat shared
very high homology with the genes from the tetraploid
wheats containing the A and B genomes, but much less
with the genes derived from the D-genome of hexaploid
wheat and the D-genome of diploid wheat.

Subcloning of the LMW-GS genes for bacterial
expression

The full gene sequences coding for mature LM W-GSs
were amplified by PCR, specifically excluding the sig-
nal peptide region. Polypeptides expressed from the
LMWG-E2 and LMWG-E4 genes were readily identi-
fied on SDS-PAGE gels under reducing conditions by
comparing the total cell proteins of induced bacteria
(Fig. 3a, b). Maximum expression was observed from
the culture of a 10-h incubation.; the LMWG-AQI1
gene could not be expressed successfully in bacteria
presumably due to an unusual feature in the final
structure of the expressed protein, and this was not
investigated further.

The protein encoded by LMWG-E2 could be as-
signed to a single protein band within the native endos-
perm proteins (lanes 1-4, Fig. 3 a); their mobilities did
not coincide precisely after alkylation, suggesting that
the protein expressed in bacteria is not identical to the
native protein in some feature of its structure. In the
case of LMWG-E4, the mobility of the alkylated pro-
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Fig. 3a,b Comparison of the bacterially expressed and endosperm
synthesized LMW-GSs, using SDS-PAGE. The LMWG-E2 and
LMWG-E4 genes were derived from T. boeoticum accessions AUS
90406 and AUS 90405 respectively. a Comparison of LMWG-E2
and the glutenin subunits from AUS 90406: lane I AUS 90406
endosperm glutenin subunits extracted using 55% isopropanol/
DTT, lane 2 LMWG-E2 extracted using 55% isopropanol/DTT,
lane 3 AUS 90406 endosperm glutenin subunits extracted using
10 M urea/DTT, lane 4 LMWG-E2 extracted using 10 M urea/
DTT, lanes 5-8 samples as in lanes -4 but treated with an alkylat-
ing agent (4-vinylpyrimidine). b Comparison of LMWG-E4 and the
glutenin subunits from AUS 90405: lane I AUS 90405 endosperm
glutenin subunits extracted using 55% isopropanol/ DTT, lane
2 LMWG-E4 extracted using 55% isopropanol/DTT, lane 3
AUS 90405 endosperm glutenin subunits extracted using 10 M
urea/DTT, lane 4 LMWG-E4 extracted using 10 M urea/DTT, lanes
5-8 samples as in lanes 1-4 but treated with an alkylating agent
(4-vinylpyrimidine)

tein could be assigned to a band in the native protein
analysis (lanes 5-8, Fig. 3b) but there was a small
difference in mobility in the non-alkylated protein anal-
ysis. The sensitivity of electrophoretic mobility to some
feature of the structure of the proteins is emphasized by
the much slower mobility of the proteins relative to the
31-kDa marker (the predicted size of the proteins).
Both the LMWG-E2 and LM WG-E4 proteins had the



N-terminal amino-acid sequences predicted from the
structure of their respective genes.

Discussion

The comparisons of the amino-acid and nucleotide
sequences of the seven representative LMW-GSs
showed a clear structural organisation within the poly-
peptides. The N-termini were short and highly conser-
ved. The repetitive domains contained several repeat
units and showed major sequence variation. The C-
terminal domains comprised over two-thirds of the
polypeptide length with several stretches of glutamine
residues and were relatively highly conserved. As
LMW-GSs are synthesised on membrane-bound poly-
somes (Greene 1981) these proteins contained signal
sequences that possessed a long stretch of hydrophobic
residues. Different signal sequence lengths for the
LMW-GSs have been determined by several workers
(Kreis et al. 1985; Colot et al. 1989; Cassidy and
Dvorak 1991). The lengths of the signal sequence of
the genes isolated from the A-genome wheat in this
study were assigned according to the results of direct
N-terminal sequencing of the LMW-GSs (Tao and
Kasarda 1989; Lew et al. 1992).

The deduced N-terminal amino-acid sequences of
T. boeoticum show that they fit into the m-type sub-
group of LMW-GSs as they all contain methionine as
the first amino-acid residue (Tao and Kasarda 1989;
Lew et al. 1992). The N-terminal sequence of LMWG-
E2 and LMWG-E4, METSCIPGLERPW, was also
found in a protein from a hexaploid cultivar, Yecora
Rojo, by N-terminal sequencing (Lew et al. 1992),
although the sequence (MDTSCIPGLERPW) of
LG-AQ1 has not been found from N-terminal se-
quencing studies of any hexaploid wheat. As the durum
wheat clone pLMW21 also contained a MDTSCIP-
GLERPW sequence in the N-terminal domain, this
N-terminal sequence may be specific to the A-genome.

The repetitive domain shows clear variation in this
group of proteins by the deletion and addition of resi-
dues and repeat units. This variation is a primary
source of the polypeptide length polymorphisms. Its
repetitive structure most likely facilitates rapid diver-
gence by allowing slippage, leading to the duplication
or deletion of sequences, during replication (Cassidy
and Dvorak 1991). Although the individual repeat
units are not conserved in their length and sequence
within a gene, the irregular repeat units were consistent
among the LMW-GSs and allows them to be distin-
guished from other wheat storage proteins.

Point mutations are commonly observed throughout
the LMW-GS gene sequences, although half of them
are silent or result in switching to other conserved
amino acids; the point mutations are one of the key
factors causing divergence within the LMW-GS group.
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Some of the point mutations result in amino-acid cha-
nges that can be predicted to cause changes in molecular
size and charge. Furthermore, these changes would af-
fect the secondary structure of the polypeptides and have
the potential to modify the interaction between the poly-
peptides. This may be important in determining the roles
of individual LM W-GSs in gluten structure.

The cysteine residues are highly conserved in the
group of LMW-GSs analysed in this paper. This high
level of conservation may reflect the importance of
cysteine residues in stabilizing the secondary structure
of the polypeptides (reviewed by Shewry and Tatham
1997). As a result, these cysteine-containing regions of
the gene would evolve more slowly (Cassidy and
Dvorak 1991). As the LM W-GSs give rise to polymers
some of these cysteines are predicted to form inter-
molecular disulphide bonds, and thus determine the
tertiary structure of the proteins (reviewed by Shewry
and Tatham 1997). Subtle changes around the cysteine
residues, such as the deletion near the 7th cysteine
residue in the C-terminus of LMWG-1D1, and
the substitutions near the 2nd cysteine of LG-AQ1 and
the 8th cysteine residue in LM WG-E2, may influence
the intermolecular disulphide bond arrangement of
the proteins. As the number and positions of the cys-
teine residues are critical factors that affect dough
properties (Shewry et al. 1995), it would be valuable to
determine which of the cysteine residues are capable of
forming the intermolecular disulphide linkages, and
how the neighbouring amino acids are involved in
making the linkage(s) feasible.

The studies in this paper identify the repetitive se-
quence domain of the LMW-GS proteins as a source of
useful variation in gene structure that can be targeted for
further work in assaying variation in hexaploid wheats
(see also Van Campenhout et al. 1995). The studies also
show that two of the three LMW-GS genes studied can
be expressed in bacteria and used as a source of protein
for functional analyses (Lee et al. 1998 b). Although the
small differences in electrophoretic mobility between
native and bacterially expressed proteins indicate that
not all features of structure (possibly relating to post-
translation modifications of the native proteins) in the
respective proteins are identical, the available informa-
tion on the solubility and antibody binding character-
istics (Ciaffi et al. 1998) indicate that many features of
their secondary structure must be very similar.
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